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Abstract

The latest versions of our event generators CEM03.01 and LAQGSMO03.01 have been
extended to describe production of light and medium fragments from various
reactions. This was done in two different approaches: 1) By implementing into
CEMO03.01 and LAQGSMO03.01 the Statistical Multifragmentation Model (SMM) to
consider multifragmentation as a mode competitive to evaporation of particles and
light fragments, when the excitation energy U of a compound nucleus produced after
the preequilibrium stage of a reaction is above 2 x A MeV. This way, we have
produced the “S” version of our codes (“S” stands for SMM), CEM03.S1 and
LAQGSMO03.S1. 2) By replacing the Generalized Evaporation Model GEM2 used in
CEMO03.01 and LAQGSMO03.01 with the fission-like binary-decay model GEMINI,
which considers production of all possible fragments. This way, we have produced the
“G” version of our codes (“G” stands for GEMINI), CEM03.G1 and
LAQGSMO03.G1. This Research Note presents a summary and progress report on
development of CEM03.51, CEM03.G1, LAQGSMO03.51, and LAQGSMO03.G1. This
work was performed by S. G. Mashnik (X-3) in collaboration with K. K. Gudima and
M. I. Baznat of the Academy of Science of Moldova, with important contribution and
support from A. J. Sierk (T-16), R. E. Prael (X-3), and N. V. Mokhov of FNAL.

1. Introduction

For Proton Radiography (PRAD) as a radiographic probe for the Advanced Hydro-test Facility
and other LANL applications, we have developed recently (see, e.g., [1]-[4] and references
therein) improved versions of the Cascade-Exciton Model (CEM) [5] and of the Los Alamos
Quark-Gluon String Model (LAQGSM) [6] codes as event generators to be used in MCNP6,
MARS, and MCNPX transport codes.

The latest versions of the event generators, CEM03.01 and LAQGSMO03.01, [7]-[9] have
significantly improved Intra-Nuclear Cascade (INC) models, updated preequilibrium, Fermi
Break-up, and coalescence models able to describe better than their predecessors emission of
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complex particles and light fragments, and were extended to describe photonuclear reactions up
to tens of GeV. On the whole, CEM03.01 and LAQGSMO03.01 describe nuclear reactions much
better than their predecessors and other similar codes available to the nuclear physics
community. They have been benchmarked on a variety of particle-particle, particle-nucleus, and
nucleus-nucleus reactions at energies from 10 MeV to 800 GeV per nucleon, and have have been

or are being incorporated as event generators into the transport codes MCNP6, MARS, and
MCNPX.
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However, both CEM03.01 and LAQGSMO03.01 still have some problems in a correct description
of light and medium fragments produced from some nuclear reactions on medium-mass targets,
which cannot fission or fragment into many channels using the GEM2 model. This problem is
addressed in the work described here in two different ways:

1) By implementing into CEM03.01 and LAQGSMO03.01 the Statistical Multifragmentation
Model (SMM) by Botvina et al. [10]-[14], to consider multifragmentation as a mode competitive
to evaporation of particles and light fragments, when the excitation energy U of a compound
nucleus produced after the preequilibrium stage of a reaction is above 2 x A MeV. This way, we
have produced the “S” version of our codes (“S” stands for SMM), CEM03.S1 and
LAQGSMO03.51.

2) By replacing the Generalized Evaporation Model GEM2 of Furihata [15]-[17] used in
CEMO03.01 and LAQGSMO03.01 with the fission-like binary-decay model GEMINI of Charity et
al. [18]-][22] which considers production of all possible fragments. This way, we have produced
the “G” version of our codes (“G” stands for GEMINI), CEM03.G1 and LAQGSMO03.G1.

This Research Note presents a summary and progress report on development of CEM03.51,
CEMO03.G1, LAQGSMO03.S1, and LAQGSMO03.G1. The INC, preequilibrium, Fermi Break-up,
evaporation, and the coalescence models used in the current versions of our codes are described
in detail in [4, 6, 7, 9] and references therein, therefore we do not discuss them here. Section 2
presents a short description of the Statistical Multifragmentation Model merged with our event
generators, following [23]. Section 3 describes briefly the fission-like binary-decay model
GEMINI. We have validated and verified our new codes CEM03.51, LAQGSMO03.51, CEM03.G1
and LAQGSMO03.G1 and have benchmarked them against a large variety of particle-nucleus and
nucleus-nucleus measured reactions. Section 4 provides several examples of results obtained with
our new codes compared with recent experimental data.

2. The Statistical Multifragmentation Model (SMM)

The multifragmentation model describes final states (nuclear fragments) as a process of break-up
of highly excited nuclei, like an explosion [10]. At high excitation energies, when a nuclear
system can eventually break up into several fragments, the multifragmentation mechanism may
become dominant. The excited primary fragments produced via multifragmentation propagate
independently in their mutual Coulomb field and undergo de-excitation. A detailed description
of the multifragmentation mechanism can be found in the review [10]. The initial information
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needed to calculate the multifragmentation stage of a reaction consists of the mass and charge
numbers, A and Z, of the excited residual nucleus produced after the preequilibrium stage of a
reaction, and its excitation energy U.

Page 3 March 6 2006

Multifragmentation Probability. The probability of a breakup channel b is given by the
expression (in the so-called microcanonical approach [10, 11]):

1
>y explSy(U, A, Z)]

Wy(U, A, Z) = exp[Sy(U, A, Z)], (1)

where Sy(U, A, Z) is the entropy of a multifragment state of the corresponding breakup channel
b. The channels {b} can be parameterized by a set of fragment multiplicities N4, z, for
fragments with mass numbers Ay and charges Z;. All partitions {b} should satisfy constraints
derived from the total mass and charge conservation:

Y Ny, z,Ap=A (2)
f

and
ZNAf,Zfo:Z. (3)
!

It is assumed [11] that a thermodynamic equilibrium is established in every channel, which can
be characterized by the channel temperature 7T,. The channel temperature T} is determined by
the equation constraining the average energy FEj(T},, V') associated with the partition b:

Ey(Ty,,V) =U+ Egrouna = U + M (A, 2), (4)

where V' is the system volume, E, 54 is the ground state (at 7, = 0) energy of the system and
M(A, Z) is the mass of the nucleus. According to the conventional thermodynamics formulae,
the average energy of a partition b is expressed through the system free energy Fj as

Ey(T,, V) = Fy(Th,, V') + Tp,5(Ty, V). (5)

Thus, if the free energy F; of a partition b is known, we can find the channel temperature 7
from Egs. (4) and (5), then the entropy Sy = —dF},/dT}, and hence, the decay probability W,
defined by Eq. (1) can be calculated.

Calculation of the free energy is based on the liquid-drop description of individual fragments
[11]. The free energy of a partition b can be split into several terms:

Fb(Tbav) = ZFf(Tb7V)+EC(V)7 (6)
f

where Fy(T},,V) is the average energy of an individual fragment, including the volume

FY =[-Ey — T} Je(Ap)| 4y, (7)
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surface
FP" = Bol(12 = T3) /(T2 + TP/ AT = B(T3) AT, (8)
symmetry
FPim = y(Ap = 225)° /Ay, (9)
Coulomb 3 7202
FE = 57”’;7?/3[1 — (14 ko)™, (10)
044y
and the translational
Ff =~T,[InZa;z; —In(Na, 2,))/Na,.z,] (11)

terms. Using the Boltzmann gas approximation (g; = 1 and the translational energy
E} = 3/2T,), the translation partition sum can be calculates as follows:

d Af,Zf p‘24f7Zf 2mAf,Zf 3/2
Ty =0y [ o exp [ ] v (Pt} (12

The expression for the translational free energy can be approximated further, if to assume that

Na, z .
7 \N
£=L) 4, z,- We can introduce

ma;,z, = myAy, where my is the nucleon mass and Ny, 7! ~ (
the thermal wavelength As, = (27h%/mnyT})'/? and rewrite Eq. (11) as following:

VA3
Ft=—Tp|ln—1L —+1]. 13
The last term in Eq. (6),
3 7%e?
Ec(V) = SR (14)

is the Coulomb energy of a uniformly charged sphere with the charge Ze and the radius

R = (3V/4n)'3 = rgAV3(1 + k)3, where k¢ = 2 [11]. The parameters Ey = 16 MeV, 3, = 18
MeV, and v = 25 MeV are coefficients of the Bethe-Weizsacker formula at 7, = 0.

gr = (25§ +1)(2Iy + 1) is spin, S, and isospin, I, degeneracy factor for a fragment. Fragments
with Ay > 1 are treated as Boltzmann particles. T, = 18 MeV is the critical temperature, which
corresponds to the liquid-gas phase transition, and ro = 1.17 fm. €(A;) = €[1 +3/(A; — 1)] is
the inverse level density of the mass Ay fragment and €y, = 16 MeV is considered as a variable
model parameter, whose value depends on the fraction of energy transferred to the internal
degrees of freedom of fragments [11]. The free volume V; = kV = k3nrjA available to the
translational motion of a fragment, where x ~ 1, and its dependence on the multiplicity of
fragments can be taken from [11]:

1.44 3
roAl/3 (MY —1)| -1, (15)

k= |1+
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with k = 0, if M = 1. The light fragments with A; < 4, which have no excited states, are
considered as elementary particles characterized by empirical masses My, radii Ry, binding
energies By, and spin degeneracy factors g; of the ground states, respectively. They contribute
to the free translation and Coulomb energies.
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Direct Simulation of the Low Multiplicity Multi-fragment Disintegration. At comparatively low
excitation energies (temperatures), the system will disintegrate into a small number of fragments
M < 4 and the number of channels is not big. In such situations, a direct (micro-canonical)
sorting of all decay channels can be performed. Then, using Eq. (1), the average multiplicity
value < M > can be found. To check that we have really a situation with low excitation energy,
the obtained value of < M > is examined to obey the inequality < M > < M, where M, = 3.3
and 2.6 for A ~ 100 and ~ 200, respectively [11]. If the discussed inequality is fulfilled, then the
set of channels under consideration is believed to be suitable for a correct description of the
break up. Then, using probabilities calculated according to Eq. (1), we can select randomly a
specific channel with given values of Ay and Z;.

Fragment Multiplicity Distribution. The individual fragment multiplicities Ny, 7, in the so-called
macro-canonical ensemble [10] are distributed according to the Poisson distribution:

wNAf,Zf
A Z
P(N. =exp (—w A 16
( Af,zf) p( Af,zf)NAf,Zf! ( )
with mean value < NAf,Zf >= WA, z, defined as
o Vs 1
< Najzy == g5 e 7 (BT V) = FY(T.V) = pdy = vZ))] (17)

where i and v are chemical potentials. The chemical potentials can be found by substituting Eq.
(17) into the system of constraints:

Z<NAf,Zf>Af:A (18)
f

and
Z<NAf,Zf>Zf:Z (19)
f

and solving them by iteration.

Fragment Mass Number Distribution. Fragment mass numbers Ay > 1 are distributed also
according to the Poisson distribution [10] (see Eq. (16)) with the mean value < N, > defined as

Vi 1
<NAf >= A?}/Q)\?) exp Tb(Ff(Tb,V)—F;(Tb,V)—/LAf—l/<Zf >) , (20)



Distribution

X-3-RN(U)06-07, LA-UR-06-1764
where one has to substitute Z; —< Z; > while calculating the internal free energy
Fy(Ty,V) — F{(Tp, V). The average charge < Z; > of fragments with the mass number Ay is
given by
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(4y+rv)A
< Zi(Af) >= L. (21)
8y +2[1 — (14 k)~1/3] A%
Fragment Charge Distribution. For a given mass of fragments, Ay > 1, the charge Z;
distribution of fragments is described by a Gaussian distribution:
(Zp(Ap)— < Z(Af) >)°
P(Zi(Ar)) ~exp |— , 22
(Z;(Ay)) p l 2(07,(Ay))? (22)
with a variance
ATy \/AfTb
o = ~ . 23
Zrr) J 8y +2[1 — (1 + k)~1/3]4%° 8 (23)

and the average charge < Z;(Ay) > is defined by Eq. (21).

Fragment Kinetic Energy Distribution. It is assumed [11] that at the instant of nucleus break-up,
the kinetic energy of the fragment T,fm in the rest frame of the nucleus obeys the Boltzmann
distribution at a given temperature 7Tj:

dP(T},,) 7 !
kam ~\ T exp (=T /Th) (24)

Assuming a thermodynamic equilibrium, the fragments have isotropic velocity distributions in
the rest frame of the nucleus. The total kinetic energy of fragments should be equal to %M Ty,
where M is the multiplicity of fragments. The total momentum of all fragments should be equal
to zero. These conditions are fulfilled by a proper choice of the momenta of the last two
simulated fragments. The initial conditions for the divergence of the fragment system are
determined by a random selection of fragment coordinates distributed with equal probabilities
over the break-up volume V; = kV (it can be a sphere or a prolonged ellipsoid). Then, the
Newton’s equations of motion can be solved for all fragments in a self-consistent time-dependent
Coulomb field [11]. Thus, the asymptotic energies of fragments determined as a result of this
procedure differ from the initial values by the Coulomb repulsion energy.

Fragment Excitation Energies. The temperature T}, determines the average excitation energy of
each fragment:

2
Uf(Tb) = Ef(Tb) — Ef(()) — j;_ZAf + B(Tb) _ deggb)

— Bo| AY?, (25)

where E¢(T}) is the average fragment energy at a given temperature 7}, and ((7}) is defined by
Eq. (8). No excitation energy is considered for fragment with Ay < 4; for *He, the excitation
energy can be taken as Uiy, = 477 /¢,.
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Monte-Carlo Simulation Procedure. We merged with our CEM03.01 and LAQGSMO03.01 event
generators the SMM code as kindly provided by its author, Dr. Botvina, to one of us (KKG),
without any essential changes or fitting of its parameter. In both our codes, we consider
multifragmentation as a possible mechanism of nuclear reactions only when the excitation energy
of the nuclei formed after the preequilibrium stage is higher than 2 x A MeV.
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The SMM Monte-Carlo simulation of fragment characteristics can be outlined as follows:

1) Perform a direct simulation of the low-multiplicity disintegration using Eq. (1) and find the
average multiplicity value < M >. Verify that the value of < M > found is really small, i.e.,
< M > < M. Using probabilities calculated according to Eq. (1), select randomly a specific
channel with given values of Ay and Z;. Then proceed to the step #5. If the value of < M >
obtained is > M, proceed to the next step (#2).

2) Sample the mass numbers of the fragments, A%, where 1 < A"f < A according to the Poisson
distribution, Eq. (16), with the mean value < N4, > defined by Eq. (20).

3) For randomly chosen values of Alf according to the Gaussian distribution, Eq. (22), with a
variance defined by Eq. (23) and the average < Z;(Ay) > defined by Eq. (21), select the
fragment charge Z}, where 0 < Z} < Z.

4) Repeat the sampling procedure of Alf (step #2) and Z} (step #3) ¢ times, until the mass and
charge numbers of all fragments are defined. If the sum of nucleons and the charge of all
fragments exceed the values of A and Z, the procedure should be repeated starting from i = 1 at
the step #2.

5) For randomly chosen values of A; and Z;, determine the fragment kinetic energies kam at the
instant of the nucleus break-up in the rest frame of the decaying nuclear system using Eq. (24).
Then, define the fragment velocities and momenta, assuming an isotropic distribution of
velocities in the rest frame of the decaying nucleus. Use the momenta of the two last fragments
to fulfill energy-momentum conservation. Via a random selection of fragment coordinates
distributed with equal probabilities over the break-up volume V; = xV, determine the initial
conditions for the divergence of the fragment system after the break-up instant. Solve Newton’s
equations of motion for all fragments in the self-consistent time-dependent Coulomb field, to

define the asymptotic energies of the fragments.
6) Calculate the excitation energy of the fragments using Eq. (25).
3. The Binary-Decay Evaporation/Fission Code GEMINI

The code GEMINI calculates the decay of compound nuclei by fission-like sequential binary
decays. All possible binary divisions from light-particle emission to symmetric division are
considered. The code employs the Monte-Carlo technique to follow the decay chains of
individual compound nuclei through sequential binary decays until the resulting products are
unable to undergo further decay.
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The decay width for the evaporation of fragments with Z < 2 is calculated using the
Hauser-Feshbach formalism [25]. For the emission of a light particle (Z, A;) of spin Ji, from a
system (Zp, Ag) of excitation energy E* and spin Jp, leaving the residual system (Z5, Ay) with
spin J,, the decay width is given by:
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2J, +1 Tt (" =B=Frot(J2)

2T po

U(Zy, A1, Za, Ag) = Typ2(Us, J3)de . (26)

I=|Jo—J2] 0

In this equation, [ and € are the orbital angular momentum and kinetic energy of the emitted
particle, py(Us, J3) is the level density of the residual system with thermal excitation energy

Uy =E*—B— Eypy(Js) — €. (27)

B is the binding energy, E,.(.J2) is the rotational plus deformation energy of the residual
system, and py is the level density of the initial system.

The transmission coefficients T;(¢) are calculated with the sharp cut-off approximation for a
classical system of absorptive radius R, and are given by:

R+ 1
0, for e< ECoul + # ,
Ti(e) = 2 (25)
hel(l+1
]-7 for € 2 ECOul 2(/,LR2 ) )

where p is the reduced mass. The Coulomb barriers F¢,,; are calculated using the empirical
expressions of Vaz and Alexander and the absorptive radius is taken as

B { 1.16145/3 + 2.6 fm,  for proton and neutron emission, (29)

1.16145/3 +3.7fm, for a particle emission.

In calculating the binding energy for heavy systems (A > 12), the masses of the initial and
residual systems were obtained from the Yukawa-plus-exponential model of Krappe, Nix, and
Sierk [26] without the shell and pairing correction terms. The parameters for this model are
taken from the more recent fit to experimental masses of Moller and Nix [27]. These separation
energies are expected to be more appropriate at high excitation energies where shell and pairing
effects are predicted to wash out. For very light systems (A < 12), binding energies are
calculated from the experimental masses. The rotational plus deformation energy E,, of a
nucleus was taken from the Rotating Finite-Range Model (RFRM) calculations of Sierk [28].

For binary divisions corresponding to the emission of heavier fragments, the decay width is
calculated using the transition-state formalism of Moretto [24].

(E*_Esad(JO)

psad(Usada Jg)dE ) (30)

F(Zla A17 Z27 A?) = 27Tp
0
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where U,y and p,qq are the thermal energy and level density of the conditional saddle-point
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configuration,

Usad =FE" - Esad(JO) — €. (31)

Fai(Jp) is the deformation plus rotation energy of the saddle-point configuration and € now is
the kinetic energy of the translational degree of freedom.

The deformation plus rotation energy is calculated with the RFRM using a two-spheroid
parameterization for the shape of the conditional saddle-point configuration. This
parameterization results in conditional barriers which are within 2 MeV of saddle-point energies
calculated with more realistic shape parameterizations for Ay = 110 [28]. Better agreement is
obtained for lighter nuclei. To correct for this difference to first order, the two-spheroid
saddle-point energies are scaled by a constant factor for all mass asymmetries and angular
momentum. The scaling factor is chosen so that for symmetric division, the scaled saddle-point
energy is equal to the value calculated with the more realistic shape parameterization by Sierk
[28, 29]. For Z < 6, these RFRM saddle-point energies [E™EM( ]))] are modified by

Esad(Jo) — ERFRM(JO) - MY+e(Zla Al) + Memp(Zla Al) ) (32)

where My . is the mass predicted by the Yukawa-plus-exponential model without shell and
pairing corrections and M., is the experimental mass. This modification is an attempt to
introduce shell effects into the saddle-point energies for very asymmetric divisions, where one
expects them to become more important.

For all level densities, the Fermi-gas expression

h2

p(UJ) = (2] +1) [_] } Vaexp2/all

12 U2 (33)

28
is used, where the J is the moment-of-inertia of the residual nucleus at the saddle-point
configuration. The level-density parameter is taken here as a = A/8.5 MeV~! for both the
residual nucleus and in saddle-point configurations.

The integrations in Eqs. (26) and (30) are performed by first expanding the integrand around
the lower limit, giving the approximate expression for the decay width for Z; < 2 as

o0, +1 & (Jo+J2)
: Z tap2(Us, J2) (34)

PO Jo=01=(Jo—J»)

F(Zh Al; Z27 A2) =

where now: ol )
hol(l+1
Uy=F" —B—F,4(J) — Ecou — ————— , 35
2 1(J2) — Ecou E (35)
and the nuclear temperature is approximately:
U.
ty == . (36)

a
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For Z; > 2
1

['(Z1, A, Zy, Ay) = ——tsaapPsad Usads Jo) 37

( 1, A1, 432, 2) 270 dp d( d 0) ( )
where now:

Usad =E" — Esad(JO) ) (38)

and the temperature of the saddle-point configuration is approximately:

Usad

tsad = (39)
The secondary products formed in the binary decay of the initial system, (71, A1) and Z5, A,),
are allowed to undergo sequential binary decay. The spin of the residual system is chosen in a
Monte-Carlo fashion from the calculated partial decay widths T'j, (7, Ay, Zs, As). Its excitation
energy is calculated as

E; =Uy =2ty + Epp(J2) - (40)
For Z > 2, the spin of the fragments is calculated in the sticking limit, ¢.e., for fragment 1
3
Ji = (§)JU ’ (41)

where & is the moment of inertia of the fragment and < is the total moment of inertia of the
system. Its excitation energy is derived assuming equal temperatures for the two fragments,

A
ET = A_;[Usad - tsad] + Erot(Jl) . (42)

This is strictly valid only when the saddle- and scission-point configurations are degenerate and
this is approximately true for the systems studied in this work. However, Eq. (42) is not
applicable for heavier systems.

GEMINI Code Description. We have merged with our event generators the standard version of
the code GEMINI, as kindly provided by its author, Prof. Charity, to one of us (AJS), without
any essential changes or fitting of its parameters.

GEMINT follows the decay chain of a compound nucleus via sequential binary decays. The
conditional barriers used in the statistical decay width for A < 100 are obtained from a
two-spheroid finite-range program written by A. J. Sierk. For 100 < A < 190, the barriers are
extrapolated from calculations of Sierk using more shape parameters to obtain the
conditional-saddle-point energy.

Angle and velocities of all the fragments can be calculated in two different ways:
1) Semi-classical treatment of emission angles and velocities and spin orientations (faster option);

2) Quantum treatment of spin projections, i.e., choose the m values for each J. This option also
gives quantum angular distributions. Note that both options are approximations and have their
limitations.
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We list below several important features of GEMINI as provided by its author, Prof. Charity, in
his comments for users:
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A) Semi-Classical Approach for Evaporation: From the quantum mechanical numbers chosen in
evaporation subroutines, classical vectors are determined. In the original version, the angle of
the evaporated particle is always chosen perpendicular to the particle’s orbital angular
momentum vectors. This, however, is only a good approximation for high angular momentum,
and as most evaporated particles are emitted at low angular momentum, it produces too much
emission in the reaction plane. For the later version, the angle of emission relative to orbital
angular momentum vector is obtained from the quantum distribution for m = 1.

B) Quantum Treatment for Evaporation: At each stage in the decay sequence, the “m” quantum
numbers (angular momentum projection) are chosen for each angular momentum vector from
the probabilities given by the square of Clebsch-Gordon coefficients. Once the m values are
selected, the emission-angle distribution is obtained from the square of the appropriate
associated Legendre polynomial, the ¢ angles are always random. In the original version, the
initial compound nucleus spin was assumed to be m = 0 with quantization axis being the beam
axis. This treatment is similar to that used by other evaporation codes such as EVAP. However,
as all interference terms have been neglected in choosing the angle, there is no memory of the
reaction plane, i.e. the ¢ angles are all random. As an alternative to this treatment, in the latest
version the initial value of the compound nucleus spin projection is taken as m = j.
Subsequently, all center-of-mass velocity vectors are rotated by © = 90° and in ¢ by a single
random angle. This produces almost identical angular distributions to the original treatment,
but now the ¢ angles are no longer random but show some memory of the reaction plane, if the
initial angular momentum is large.

C) Fission and Intermediate-Mass Fragment (IMF) Parameters: GEMINI includes two
possibilities: 1) the fission mode which is appropriate for prediction of cross sections, which
however does not lead to a prediction for the mass-asymmetry distribution; 2) the IMF decay
mode, where the Moretto’s formalism [30, 31] of asymmetric divisions is considered.

D) Choice of the Dividing Line Between Evaporation and IMF Emission (Zmmn): I Z < Zpin,
the fragments are treated in routines with Hauser-Feshbach formalism; for 7 > Z,,;,,, the
fragments are treated as IMF with the transition-state formalism.

E) Level Density: Many parameterizations of the level densities are possible: constant
level-density parameter a = A/aq, Toke and Swiatecki level density parameters [32], Ignatyuk et
al. level density parameters [33], Gottschalk and Ledergerber level density parameters [34], and
Lestone’s temperature dependent level density parameters [35].

F) Variance Reduction: Complex fragment decays can be very improbable events. Thus, in a
normal Monte-Carlo simulation one may have to run a large number events to achieve
reasonable statistics for intermediate-mass fragments. To solve this problem, to some extent,
weighting has been introduced into the program.



Distribution

X-3-RN(U)06-07, LA-UR-06-176/
G) Delay Time: A time-delay parameter is included in GEMINI. All complex-fragment channels
are delayed by the same amount. Fission and IMF decay is inhibited for a time

taelay (1) = taetay X exXp(—=1°/(207,4,)) X 1.OE~?" seconds, where the tgeqy and ogeq, are
parameters and n = (Ay — A1) /(A2 + Ay).
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4. Results

1) We have incorporated GEMINI and SMM into CEMO03.01 and LAQGSMO03.01 as provided us
by their authors, Prof. Charity and Dr. Botvina, without any essential changes to or fitting of
their parameters. A few “cosmetic” changes we made were only to accommodate them to our
FORTRAN compilers and to fix several observed “bugs”.

2) We have verified, validated, and benchmarked the new CEM03.S1, CEM03.G1,
LAQGSMO03.5S1, and LAQGSMO03.G1 versions of our CEM03.01 and LAQGSMO03.01 event
generators against a variety of measured reactions and results by other models.

3) To understand better different mechanisms of final isotope production, we have analyzed
many characteristics of various proton- and nucleus-induced nuclear reactions with all versions of
our codes, “S”, “G”, and the standard one, “03.01”. Several examples of this part of our work
are presented below.

4) We have “frozen” the “G” and “S” versions of CEM03.01 and LAQGSMO03.01 on several X-3
and T-16 computers. These versions are to be used as stand-alone codes or as event generators
in working versions of transport codes MCNP6, MARS, and MCNPX, when we are interested in
the production of light and medium fragments from targets not normally allowed to fission.

The upper-left plot in Fig. 1 shows the recent experimental data [36] on the mass-number
distribution of the product yield from the reaction 660 MeV p + 2T compared with results by
the standard version of our CEMO03.01 event generator, as well as with results by our new “S”
and “G” codes (similar results were obtained for this reaction with LAQGSM03.01 and its “S”
and “G” versions). One can see that the standard versions of our codes do not describe
production of isotopes with mass number 26 < A < 63 from this reaction observed in the
experiment [36]: These products are too heavy to be evaporated from compound nuclei and the
target is too light to fission, producing these isotopes as fission fragments (CEMO03.01 and
LAQGSMO03.01 consider only “conventional” fission of preactinides and actinides and do not
consider at all fission of nuclei with Z < 65).

The new “S” and “G” versions do predict such isotopes and agree reasonably well with available
experimental data. This is the main reason we have developed the “S” and “G” versions of our
codes. The results by the “S” version for the A-distribution of product yield are very similar to
the ones from the “G” version for the entire range of product masses, except the region of light
fragments 10 < A < 20, where there are no experimental data. From this plot we see only that
products with 26 < A < 63 are produced in this reaction and they can be described either via
fission-like binary decays (the “G” versions of our codes), or as products of multifragmentation
of highly-excited nuclei (the “S” versions), without a distinctive preference.
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Figure 1: Predictions of CEM03.01, CEM03.51, and CEM03.G1 for the mass number distribution
of the product yield, mean parallel velocity v,, mean production angle ©, Z-averaged A-dependence
of the F/B ratio of the forward product cross sections to the backward ones, and the mean kinetic
energy of all products in the laboratory system for the reaction 660 MeV p + '?°T (lines) compared
with available experimental data (symbols) [36], as indicated. The big fluctuations in the values
by CEM03.01 of < v, >, < © > < R= F/B >, and < Tj;, > for masses around A = 20 and
65 do not provide real physical information, as they are related to the limited statistics of our
Monte-Carlo simulation caused by the very low yield of isotopes at the border between spallation
and fragmentation, and at that between fragmentation and evaporation (with no events at all in
the fragmentation region, 26 < A < 63, neglected by CEMO03.01). Our calculation provides only
a few (or even one) isotopes of a given A in these mass regions, and mean values for such events
do not have any significance.
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With a hope to understand better the mechanisms of the production of isotopes with

26 < A < 63 and of other products as well, we have also calculated with all versions of our codes
several so called “recoil properties” of products, like the mean parallel velocity v,, < v, >, the
mean production angle ©, < © >, Z-averaged A-dependence of the F/B ratio of the forward
product cross sections to the backward ones, < R >, and the mean kinetic energy of all products
in the laboratory system, < Tj;, >, showed in other plots of Fig. 1. Such characteristics can be
measured with some specific techniques for some nuclear reactions and have proven to be very
useful in understanding reaction mechanisms [4], although the activation technique of the
experiment [36] does not provide such measurements. On can see a big difference between results
provided by the standard version, CEM03.01, and the “S” and “G” versions for < © >, < R >,
and < Ty, > of products with 70 < A < 100. We see also a significant difference between
predictions by the “S” and “G” version for < © > of products with 85 < A < 110, for < R > of
the same products, and for < Tj;, > of products with 15 < A < 80. Unfortunately, none of these
characteristics were measured and we can not make a preference for a specific reaction
mechanism based on these results, until reliable experimental data are available.
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Fig. 2 shows results similar to the ones presented in Fig. 1, only for a lighter target, *Fe, and a
lower energy of 300 MeV measured in inverse kinematics at GSI as 300 MeV /nucleon °°Fe + p
[37, 38]. The situation with the agreement or disagreement of our calculations with the data
[37, 38] is very similar to what we have in Fig. 1, and all comments here are the same: The
standard versions of our event generators strongly underestimate production of fragments with
A < 32 from this reaction. These fragments can be described either via fission-like binary decays
(the “G” versions of our codes), or as products of multifragmentation of highly-excited nuclei
(the “S” versions). Comparing only the total production cross sections with experimental data
(Fig. 2, for Z-integrated A-dependence of the yield, and Fig. 3, where we show cross sections of
all measured isotopes, separately) does not allow us to identify the “real” nuclear reaction
mechanisms for the production of these isotopes. The so called “recoil properties” of products
discussed above, like < © >, < R >, and < T};, > are predicted differently by different models
and could be more informative to study mechanisms of nuclear reactions, but such
characteristics were not measured also by the GSI inverse-kinematics technique [37, 38]. Note,
that in addition to the production cross section, the GSI inverse-kinematics technique provides
also the mean parallel velocity v, of all products in the reference frame of the projectile. As we
can see from the upper-right plot of Fig. 2, < v, > is not sensitive enough to the reaction
mechanisms, and all three versions of our codes, “S”, “G”, and the standard version “03.01”
provide almost the same < v, >, for this particular reaction. The mean kinetic energy of
products is more sensitive to the reaction mechanisms considered, therefore more informative.
As one can expect in advance, the multifragmentation mechanism (“S” version of our codes)
provides more energetic light fragments (see the upper plots in Fig. 4, for Z = 3, 6, 9, 12, and
15) than the fission-like binary decay model GEMINI (“G” version) and the “conventional”
evaporation model considered by our standard “03.01” version do. With increasing
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Figure 2: The same as in Fig. 1, but for the reaction 300 MeV p + *Fe measured at GSI in inverse
kinematics [37,38].
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Figure 4: Predictions by CEM03.01, CEMO03.51, and CEMO03.G1 for the mean kinetic energy of
eight nuclides with Z = 3, 6, 9, 12, 15, 20, 23, and 26 produced in the reaction 300 MeV p + Fe
(no experimental data are available to us). The big fluctuations in the values of < Tj;, > at both
ends of distributions do not provide real physical information, as they are related to the limited
statistics of our Monte-Carlo simulation caused by the very low yield of extremely neutron-rich
and neutron-deficient isotopes. Our calculation provides only a few (or even one) isotopes of a
given A in these regions, and mean values for such events do not have any significance.
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mass/charge of the products, this difference diminishes, and for isotopes with Z > 20, all three
versions of our codes predict the same values of < Ty, > (lower plots in Fig. 4). Unfortunately,
we do not have experimental data for such “recoil characteristics” of this reaction, therefore are
not able to make an unambiguous choice between multifragmentation and binary decays in the
production of light fragments from this reaction.
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Figs. 5-7 provide results for the same reaction and very similar to the ones shown in Figs. 2-4,
but for a higher energy of 1 GeV, also measured in inverse kinematics at GSI by Carmen
Villagrasa et al. [37, 38] and by Paolo Napolitani et al. [39, 40]. At 1 GeV (Figs. 5-7), the
situation changes a little in comparison with what we have above at 300 MeV: The energy here
is higher and the reaction is deeper, the target, *Fe, is not too heavy, so, the standard version of
our codes describe reasonably well all the measured product yields. At 1 GeV, the standard
versions of our models predict light fragment production via deep spallation processes of INC
followed by preequilibrium and evaporation, without considering the multifragmentation (“S”
version) or/and binary-decay processes (“G” version). It is interesting that at 1 GeV, the
standard “03.01” event generators describe these cross sections measured at GSI even better
than the “S” or “G” versions do, especially for products with 5 < A < 16 (see the upper-left plot
in Fig. 5) and Z < 10 (see Fig. 6). However, we consider this fact only as natural result of
several years of careful development of our standard event generators rather than an indication
that no multifragmentation or/and binary decays occur at 1 GeV (from a physical point of view,
if we have multifragmentation or/and binary decays at 300 MeV, one may expect to have them
even more pronounced at 1 GeV): Our standard event generators CEM03.01 and LAQGSMO03.01
consider the INC, preequilibrium, evaporation, and the coalescence models for the production of
isotopes from this reaction, and each of these models have their own parameters. These
parameters have been adjusted, then fixed, while developing CEM03.01 and LAQGSMO03.01 so
that our codes describe as well as possible arbitrary nuclear reactions. The “G” and “S” versions
were produced here without any fitting or adjustment of any parameters. We think that by
adjusting and fitting the parameters of the “G” and “S” versions, one may obtain an agreement
of their results for the production cross sections not worse that the one provided by the standard
version of our codes. A difference would be observed for predictions of other characteristics of
reactions, like the so called “recoil properties” of products discussed above. In the framework of
the versions we have so far, the biggest difference between results for this reaction by the “S”,
“G”, and the standard “03.01” versions is for < © > and < R > for products with 12 < A < 40,
for < Tj;n, > of products with 5 < A < 30, and we see also quite a big difference in the
Z-integrated A-dependence of the yield for light fragments with 5 < A < 18 (see the upper-left
plot in Fig. 5).

We note that the GEM2 evaporation/fission model [15]-[17] does not consider the angular
momenta of the emitted particles, therefore the angular momenta of nuclei calculated at the INC
and preequilibrium stages of reactions are not used at all and neglected in evaporation and
fission processes. The same is true for the “S” version of our codes. On the other hand, GEMINI
[18]-[22] does consider angular momenta of all products, so the “G” version of our codes can be
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Figure 5: The same as in Fig. 2, but for the reaction 1000 MeV p + *Fe measured at GSI in inverse
kinematics by Villagrasa (medium and heavy products) [37,38] and by Napolitani (light fragments)
[39,40] with coauthors. To reveal the effect of angular momentum, L, of the compound nucleus on
results calculated by GEMINI in CEM03.G1, the dashed thin lines show results obtained assuming
L = 0 in GEMINI, that should be compared with the results shown by thin solid lines obtained
with real values of L.



Distribution

P M
X-3-RN(U)06-07, LA-UR-06-176/ age 20 arch 6 2006

1000 MeV p + 56Fe

. 10 1~ 10" | 1~ 10" | {1~ 10"
Qo Qo =) =)
£ 1E F 1E 3 1E 3
810" {8107 | 1810" | {810" b
3} 3} 3] 3] 7
(7] (7] [ [ /
« ] F 1@ [ 1@ [ 7
2 10° 2 10° 8 10° 8 10° /
j=t 3e F e F 1¢e F
S 1o [ 1o L 16 L
10-5 10-5 L L L L L L L L L L L L 10-5 - 10-5 T -
3 6 9 12 15 5 20 5
A
~ 10 1~ 10' ~ 10" 1~ 10" | E
i) 19 o o r
E 1E F E 1€ 3 —
s T1e / c c |
g 10" 18100 S 107 18 10" | —
o o ¥, o o
Q 4 @ L i [ 4 @ L 4
7] 10 / 2] « [
g 10° {1810° | 8 10° 18100 | 1
o 1e ° ° F
o 10 L O 10 L |
1075 T T Y T S N S S 1075 L) L 1075 T T T T S T N S S S 1075 T T T T S T N S S S
5 10 15 20 25 5 10 10 15 20 25 30 10 15 20 25 30
A A A
—~ 1~ 10" | 4. 10" | 1. 10" | 1
i) o) o o
£ 1E F 1E 3 1E 3 —
S 18107 | 18100 | {8 10" | 1
|53 |53 o o
(7] (7] [ [
2 o F ]9 [ 10 r 1
g {8107 | {8107 | 1810° | 1
o 1e 1e F ° F
(8] 10 L 10O L 10 L 4
L 1075 T T Y T S N S S 1075 T T T T S T N S S S 1075 T T T T S T N S S S
35 15 20 25 30 35 20 25 30 35 40 20 25 30 35 40
A A A
~ EPS 1~ ~ 10" | E
Qo 12 12 o r
£ 1E 1E £ 3 —
c 1e 1e c o
S {8 {8 S10t | —
(7] (7] [ [
@ E R 1] £ 1
2 2 2 2 10
S je 38 10 ¢ 1
s 1o 1o o L il
10’5 L L L 10’5 L L L
25 30 35 40 45 45 30 35 40 45 50
A A
~ ~ kP ~ 10" —
i) 12 1 Q2 e I
E 1E 1E E 3 —
c 1¢e 1¢e c o[
S 18 18 S10t | E
Q 4 @ 4 @ Q L 4
0 1w 1w " E
2 2 @ @
< 38 38 10" ¢ 1
o 10 10 O L |
L 1075 T T Y T S N S S 1075 T T T T S T N S S S
50 35 40 45 50 55 35 40 45 50 55
A A
- 1~ 10" EP ~ 10" —
o o o o
£ 1E F 1E £ 3 —
= e 1%e = . f
S 1810" | i S10t | —
3 18 F 18 8 E ]
a 1o 1o o 5| ® GSl data
8 18100 18 g1 — CEM03.01
© 40 L 10 L / 10 L ---- CEM03.S1 |
. 1 . 1 LT LT — CEM03.G
10° Lvecevvn i cvin e g v e n e 0% Levvicvcin il g
40 45 50 55 60 40 45 50 55 60 40 45 50 55 60 47 49 51 53 55 57
A A A A

Figure 6: The same as in Fig. 3, but for the reaction 1000 MeV p + Fe measured at GSI in
inverse kinematics by Villagrasa (medium and heavy products) [37,38] and by Napolitani (light
fragments) [39,40] with coauthors.
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Figure 7: The same as in Fig. 4, but for the reaction 1000 MeV p + *¢Fe.
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used to study the effect of angular momentum in nuclear reactions. To reveal the effect of
angular momentum, L, of the compound nucleus on the “recoil characteristics” < © >, < R >,
and < v, > of the reaction studied here, we have performed additional calculations with the “G”
version of our codes assuming angular momentum of all compound nuclei being equal to zero.
Results of such a modification of CEM03.G1 are shown in Fig. 5 with thin dashed lines, to be
compared with the solid thin lines showing results by CEM03.G1 considering the real angular
momenta of all compound nuclei. We see that the effect of angular momentum, L, of the
compound nucleus on results for < © >, < R >, and < v, > calculated by GEMINT in
CEMO03.G1 is more important for products with 12 < A < 46, but is not very strong, on the
whole.
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Finally, Fig. 8 shows an example of proton-induced reactions at a higher energy and a heavier
target, namely, 3.65 GeV p + ''2Sn, measured recently at JINR, Dubna with the activation
technique [41]. We note that the CEM03.01, CEM03.51, and CEM03.G1 results shown in the
figure report A-distributions of the yield of all products, i.e., sums over Z of yields of all isotopes
with a given mass number A, while the experimental data obtained by the activation method
generally represent results for only several isotopes (sometimes, for only a single isotope) that
contribute to the corresponding data point. That is, this comparison is only qualitative but not
quantitative and provides us only an approximate picture of the agreement between the
calculations and measured data (just as we had in Fig. 1, where the data were also measured by
the activation techniques at JINR). Activation measurements present the total yield for a given
A only for cases when cumulative cross sections that include contributions from all precursors of
all possible Z to the given measured yield; therefore, in general theoretical calculations of
A-distribution of yields should be higher than many experimental activation data points. A
much better, quantitative analysis would be to compare only the measured cross sections,
isotope-by-isotope. Such a comparison of the measured data with results by CEM03.01 and
LAQGSMO03.01 (and by FLUKA and LAHET) is made in the original publication [41] and is not
an aim of the present work. As the energy of the reaction shown in Fig. 8 is much higher than of
all other reactions shown in previous figures, the situation is also quite different. We see that the
standard CEMO03.01 predicts production of isotopes with all possible mass numbers, from 1 to
112. Intermediate isotopes with mass numbers 28 < A < 80 are produced by CEM03.01 only via
deep spallation, i.e., the INC, followed by preequilibrium emission of particles up to *He,
followed by evaporation of particles and light fragments up to A < 28 from excited compound
nuclei, without considering multifragmentation or/and binary decays. The “S” version considers
production of such isotopes also via multifragmentation, while the “G” version, via binary
decays. Nevertheless, the yield of products with 28 < A < 80 predicted by the standard
CEMO03.01 model is higher than the ones predicted by both the “S” and “G” versions. Only for
products with 5 < A < 28 do the “S” and “G” versions predict a much higher yield than
CEMO03.01 does. For fragments with 8 < A < 16, the “G” version predicts a yield about a factor
of five higher than the standard CEMO03.01, while the “S” version predicts even a higher yield,
almost two orders of magnitude more than CEMO03.01 does. Unfortunately, no experimental data
for such products from this reaction are available at present, so the question about the “real”
mechanisms for the production of such isotopes and their yields remains open.
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Figure 8: Predictions by CEM03.01, CEMO03.S1, and CEMO03.G1 for the mass number distribution
of the product yield and the mean kinetic energy of all products in the laboratory system for the
reaction 3.65 GeV p + '?Sn (lines) compared with available experimental data (circles) [41], as

indicated.
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Fig. 9 shows one example of proton spectra from 500 MeV p + 5Ni calculated with our
CEMO03.01, CEMO03.51, and CEMO03.G1 codes compared with experimental data by Roy et al.
[42]. As one may expect in advance, all three versions of our codes provide very similar results,
in a good agreement with the measurement. The spectra by “S” and “G” versions are a little
lower in the energy range 7, ~ 25-50 MeV in comparison with the standard version CEMO03.01,
but the difference is less than a factor of two, and there are no experimental data for this part of
spectra, so again it is difficult to conclude which version works better here.
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Figure 9: Experimental proton spectra from 500 MeV p + Ni [42] compared with CEMO03.01,
CEMO03.51, and CEMO03.G1 results, as indicated.

The next two figures, Figs. 10 and 11, compare results by CEM03.01, CEM03.S1, and
CEMO03.G1 for the total production cross sections of H, He, Li, and Be isotopes produced in
interactions of 1.2 GeV protons with thirteen target-nuclei from Al to Th, measured just
recently at the Cooler Synchrotron Facility COSY of the Forschungszentrum Jiilich [43].
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Figure 10: Comparison of measured [43] (symbols) production cross sections of hydrogen and
helium isotopes with kinetic energies below 100 MeV for 1.2 GeV proton-induced reactions on
targets between Al and Th with results by CEM03.01, CEM03.S1, and CEM03.G1 (lines), as
indicated. Calculated results include contribution from products of all possible energies. An
estimate of contributions from high-energy (7' > 100 MeV) tails of calculated spectra to (not
measured) production yields is shown in Fig. 12: It is of only about 17% for p, 3% for d, 1% for
t, 2% for He3, and 0.4% for He4, in the case of Ag, using CEM03.01.

We note that the experimental data shown in Figs. 10 and 11 were taken from Tables 4, 5, and 6
of Ref. [43] and present the measured production cross sections of H, He, Li, and Be isotopes
with kinetic energies of only below 100 MeV. We did not modify all versions of our codes to
account for this experimental upper limit of the energy of detected particles; instead, we did an
estimation of the contributions from the high-energy tails (7" > 100 MeV) of calculated spectra
to the total calculated production cross sections. Fig. 12 shows an example of our estimation, on
angle-integrated energy spectra of p, d, t, 3He, and *He calculated by CEM03.01 for the reaction
1.2 GeV p + Ag. The legend of this figure presents integrals of spectra (in mb) over the energy
for particle energies above and below 100 MeV, respectively, and the percentage of contribution
from high-energy tails (7" > 100 MeV) of spectra to the total calculated cross sections. We see
that for this particular reaction these contributions are rather small, of only about 17% for p,
3% for d, 1% for t, 2% for *He, and 0.4% for *He. Of course, for other targets and versions of our
codes, these contributions are different, but on the whole they remain small, of only several
percents. This is why we can compare in Figs. 10 and 11 our total production cross sections
calculated for all energies with experimental data that include energies only below 100 MeV.
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Figure 11: The same as in Fig. 10, but for the production of Li and Be isotopes.

We see that on the whole, with only a few exceptions, all versions of our codes describe
reasonably the shape and the absolute values of the measured total production cross sections for
all particles, from protons to '°Be. The “S” version overestimates up to several times the yields
of all Li isotopes and of '“Be from light and medium nuclei, the yields of "Be and °Be from all
targets, and up to an order of magnitude the yields of ®He from all targets. On the other hand,
it agrees better than other versions of our codes with the data for all H as well as for *He and
“He isotopes. The “G” version predicts reasonably well the yields of all H, all Be, *He, *He, °Li,
Li, and not so well for °Li isotopes, but the shape of the calculated lines for the yields of 3Li,
and especially of ®He, disagrees with the data. On the whole, a better agreement with all
measured data is observed for the standard version of our code, CEM03.01.

At this point, we switch to analysis of several heavy-ion induced reactions with different versions
of LAQGSM (CEM does not describe reactions induced by nuclei). Figs. 13 and 14 show a
comparison of LAQGSMO03.01, LAQGSMO03.51, and LAQGSMO03.G1 results for the total
production cross sections (yields) of nuclides with Z from 10 to 55 (all measured isotopes)
produced from the fragmentation of 124Xe in 1 GeV/A 21Xe + 2%Pb collisions with the very
recent GSI measurements [44]. Fig. 15 shows predictions by our models for the mass number
distribution of the product yield and the mean kinetic energy (in the projectile frame of
reference) of all products from the same reaction compared with available data [44].
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Figure 12: Angle-integrated energy spectra of p, d, t, 3He, and *He emitted from the reaction 1.2
GeV p + Ag, as predicted by CEMO03.01. The legend provides integrated production cross sections
(in mb) for particles with energies above and below 100 MeV, respectively. These integrated cross
sections are used to estimate the contributions from high energy (7" > 100 MeV) tails of calculated
spectra to the total calculated production yields: These contributions are of only about 17% for
p, 3% for d, 1% for t, 2% for *He, and 0.4% for *He, in the case of Ag and results by CEMO03.01.
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Figure 13: Comparison of LAQGSM03.01, LAQGSMO03.51, and LAQGSMO03.G1 results (lines) for
the total cross sections (yields) of nuclides with Z from 10 to 33 produced from fragmentation
of 1?*Xe in 1 GeV/A ?*Xe + 20Pb collisions with the recent GSI measurements [44] (circles),
as indicated. No delay time in GEMINI is considered in the LAQGSMO03.G1 calculation of this

reaction.
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Figure 14: The same as in Fig. 13, but for products with Z from 34 to 55.



Distribution

X-3-RN(U)06-07, LA-UR-06-176/ Page 50 Mareh 6 2006
4
10 T 1T T 1T 1 1T T T T T [ T 7T T T 1T 17 7T T 7T 1171713
H 3
1 124 208 -
e, 1 GeV/IA ™ Xe+ Pb .
~ TN
2 5 00 -
1 11 > GSI data 4
= 0 E[", — LAQGSMO3.01 E
o - VI --- LAQGSMO03.S51 .
= | i — LAQGSMO03.G1, not,, i
O 5 : elay
Q
o 107 il
w L -
7p) K 7
O
O 1l | |
100 & E
- | N T I T I T T T N T T [ N N T T T T 11 ]
0 30 60 90 120
A
,>-\ T T T T T [ T T T T T [ T T T T T 7T 7T T T T T 11
[ 124 208 1
% 38 1 GeV/IA ™ Xe+ Pb y
B ; i
— ny :‘\ 'l‘ _
> ‘ DRERAYY W — LAQGSM03.01 -
© 30 K / \ -- LAQGSM03.S1 _
) it I,"\‘,' ' — LAQGSM03.G1,not,, A
(- ", -
) ' _
o 22 -
fd N ]
((b)
S R |
g B i
- 14 N i
© B _
m - —
2 6 I N N I T IS Y Y N Y N O T T Y N N T T T T A |

0 30 60 90 120
A

Figure 15: Predictions of LAQGSMO03.01, LAQGSMO03.51, and LAQGSMO03.G1 for the mass num-
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tation of **Xe (in the beam system) from the 1 GeV /A 2*Xe + 2Pb reaction (lines) compared
with available experimental data (circles) [44], as indicated.
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We see that all versions of our codes describe reasonably well cross sections for the production of
all measured isotopes, from Neon to Cesium. A prediction by LAQGSMO03.S1 of several unstable
Neon isotopes with mass numbers lower than 18 not measured in the experiment (upper-left plot
in Fig. 13) does not bother us much: These unstable isotopes should be disintegrated into stable
nuclei. The transport codes using our event generators do take care of this; we could also add a
checking of such unstable products into our codes and disintegrate them with our event
generators before transferring their results to transport codes.
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As observed above for proton-induced reactions, the standard version LAQGSMO03.01 describes
the production cross sections of all isotopes from 1 GeV/A '?*Xe + Pb on the whole a little
better than the “S” and/or “G” versions do. We believe that the reason for this is the same as
we had for proton-induced reaction: LAQGSMO03.01 was developed carefully during the last
several years; the nuclear reaction models considered by it were adjusted to each other and their
parameters were fitted to describe as well as possible arbitrary reactions. The “S” and “G”
versions of LAQGSMO03.01 were developed here without any additional fitting or adjustment of
any parameters. We think, it would be possible to adjust the models of the “G” and “S”
versions and to fit their parameters so that they describe production cross sections no worse
than the standard version does, but this was outside the aim of the present work.

From comparison of only the measured [44] product yields with calculations by different versions
of LAQGSM it is difficult, if not impossible, the uncover the “real” mechanisms of nuclear
reactions contributing to the production of measured isotopes. In the upper plot of Fig. 15, we
see a big difference between predictions by the standard, “S”, and “G” versions for the yields of
isotopes with 15 < A < 31, up to an order of magnitude and higher, but, unfortunately, these
products were not measured [44]. We see also quite a big difference between the predictions by
different versions for the mean kinetic energy of products with 20 < A < 80 (lower plot in Fig.
15), but we do not have experimental data for this “recoil characteristics” either.

Figs. 16 and 17 show results very similar to the ones presented in Figs. 13 and 14, only for
another reaction (projectile) measured lately at GSI, 1 GeV /A 3Xe + Pb [44] (we made all
calculations on mono-isotopic 2°*Pb targets but not on Lead with a natural composition of
isotopes as was measured, just as we did for the results presented in Figs. 13-15). The situation
for this reaction is very similar to the one induced by '**Xe shown in Figs. 13 and 14. All
comments made above for the 1?*Xe projectiles (Figs. 13 and 14) are valid and could be repeated
here again for reactions induced by *Xe (Figs. 16 and 17). Let us note that ?*Xe is the most
neutron-deficient stable isotope of Xenon, while *Xe is the most neutron-rich one; this indicates
us that our event generators describe equally well reactions involving both neutron-deficient and
neutron-rich nuclei.

The only difference between results shown in Figs. 16 and 17 for *®Xe in comparison with
results for 12*Xe shown in Figs. 13 and 14 is that for *®Xe we performed two sets of calculations
with the “G” version of LAQGSM: without taking into account the delay time (results shown
with thin solid lines) and with values tge1qy = 75 and 0geqy = 50 (results shown with thin dashed
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lines) for the time delay parameters of GEMINI (see Section 3.G above). The reason for this
additional study we performed for reactions induced by *Xe is to understand how results by
LAQGSMO03.G1 depend on the value of the time delay parameters of GEMINI: These
parameters of GEMINI are considered as input parameters of the model and it is up to users to
chose them. For instance, for proton-induced reactions, we found [45] that: 1) GEMINI merged
with CEM/LAQGSM provides reasonably good results for medium-heavy targets without a
fission delay time; 2) For preactinides, we have to use g0y, = 50-70 and 04e1qy = 1-50, otherwise
GEMINT provides too much fission — this may be related to the calculation of fission barriers of
preactinides with strong ground-state shell corrections in the version of GEMINI we use; 3) The
current version of GEMINI does not work well for actinides.
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Our results shown on Figs. 16 and 17 (and on the left panels of Figs. 18 and 19) are only for
products of fragmentation of the projectile, '3Xe, just as reactions are measured at GSI [44].
For such processes, we do not see a big difference between results by LAQGSMO03.G1 obtained
without taking into account the delay time (thin solid lines) and the ones calculated with

tdetay = 75 and 0geqy = 50 (thin dashed lines). This is similar to what we found for
proton-induced reactions [45]: As '*6Xe is a medium-heavy target, it can be calculated with
GEMINI without taking into account the delay time. The situation changes dramatically if we
look in the laboratory system at all products from this reaction, just as happens in nature,
produced from both the projectile '**Xe and the target 2%*Pb (see the right panels on Figs. 18
and 19). 2®Pb is a preactinide nucleus and has to be calculated with GEMINT using ¢gei0y = 75
and ogeey = 50, according to our experience gained form studying proton-induced reactions [45]
(this is why we chose here these values of t4e1qy and ogeqy). From the results presented on plots
in the right panels of Figs. 18 and 19, we see that all characteristics of isotopes produced from
the target 2®Pb calculated with ¢4e10, = 75 and ogeqy = 50 differ significantly from the ones
calculated without taking into account the delay time in GEMINI. Unfortunately, these
characteristics can not be measured with the GSI technique, and we have no experimental data
with which to compare our results.

Just as observed above for reactions induced by '?*Xe and protons, from comparison of only the
measured [44] product yields from reactions induced by *°Xe (Figs. 16 and 17) with calculations
by different versions of LAQGSM it is difficult, if not impossible, to reveal the “real”
mechanisms of nuclear reactions contributing to the production of measured isotopes. This is
why for reactions induced by *%Xe, we look additionally at several “recoil characteristics” like
< Tgin >, < v, >, <O > and < R >, as we did above for proton-induced reactions (Figs. 1, 2,
and 5). The left panels of plots in Figs. 18 and 19 show such characteristics (plus, the
Z-integrated mass product yield and the cross section for the production of nuclides with

Z = 56, shown in Fig. 18) calculated in the projectile frame of reference, as all reactions at GSI
are measured [44]. We see a big difference between results of the standard version of LAQGSM
and of its “G” and “S” versions for the calculated Z-integrated yield of isotopes with

15 < A < 31, for < Tj;, > of isotopes with 20 < A < 80, and for < v, >, < © >, and especially
for < R > of almost all products. Unfortunately, none of these characteristics were measured at
GSI so we can not identify a specific reaction mechanism based on these results, until
experimental data are available.
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Figure 16: Comparison of LAQGSM03.01, LAQGSMO03.51, and LAQGSMO03.G1 results (lines) for
the total cross sections (yields) of nuclides with Z from 10 to 33 produced from fragmentation of
136Xe in 1 GeV/A '36Xe + 2%Pb collisions with the GSI data [44] (circles), as indicated. Results
by LAQGSMO03.G1 calculated without delay time in GEMINI and with tge14y = 75 and 0geqy = 50
are shown by solid and dashed thin lines, respectively.
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Figure 17: The same as

in Fig. 16, but for products with Z from 34 to 56.
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Figure 18: Left panel: Predictions of LAQGSMO03.01, LAQGSMO03.51, and LAQGSMO03.G1 for
the Z-integrated mass product yield, cross section of the production of nuclides with Z = 56, and
the mean kinetic energy of all products from the fragmentation of **Xe (in the beam system) from
the 1 GeV/A 3%Xe + 2%Pb reaction (lines) compared with available experimental data (circles)
[44], as indicated. Right panel: The same as on the left panel, but calculated in the laboratory
system, as “seen” by a transport code, for all nuclides produced from both the target, 13¢Xe, and
the projectile, 2 Pb. Experimental data (dashed circles on the right panel) are measured in the
beam system and should be compared only with the results showed on the left panel; this is why
they do not agree with the laboratory system results to be used by transport codes shown in the
right panel.
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Figure 19: The same as in Fig. 18, but for the mean parallel velocity v,, mean production angle ©,
Z-averaged A-dependence of the F/B ratio of the forward product cross sections to the backward
ones. To reveal the effect of angular momentum, L, of the compound nucleus on results calculated
by GEMINI in LAQGSMO03.G1, the blue dotted thin lines on the left panel show results obtained
assuming L = 0 in GEMINI, which should be compared with the results shown on the same plots
by thin solid black lines obtained using actual values of L.
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To reveal the effect of angular momentum, L, of the compound nucleus on the “recoil
characteristics” < v, >, < © >, and < R > of the reaction induced by *®Xe, we have performed
additional calculations with LAQGSMO03.G1 assuming the angular momentum of all compound
nuclei is equal to zero. Results of such a modification of LAQGSM03.G1 are shown in Fig. 19
with blue dotted thin lines, to be compared with the thin black solid lines showing results from
LAQGSMO03.G1 considering the real angular momenta of all compound nuclei (both of these
calculations have no delay time in GEMINT). We see that the effect of angular momentum, L, of
the compound nuclei on results for < © >, < R >, and < v, > calculated by GEMINI in
LAQGSMO03.G1 is not significant.
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Together with results for products from only fragmentation of the projectile calculated in the
projectile frame of reference (as all measurements at GSI are done) shown on the left panels of
Figs. 18 and 19, on the right panels of the same figures, we show side-by-side similar results
calculated in the laboratory system that include isotopes produced from both the projectile and
the target. This is the way a reaction really happens in nature, and how a transport code “sees”
and uses it in transport calculations from results provided by event generators like LAQGSM.
Unfortunately, none of the currently available experimental techniques allow the measurement of
all products of heavy-ion reactions, produced from both the projectiles and targets. We can not
yet compare the results shown on the right panels with any measurements. However, we find
them quite interesting and informative for nuclear applications, including to users and
developers of transport codes.

Several phenomenological systematics are presently available in the literature to estimate the
cross sections of products from the fragmentation of the projectile in a heavy-ion reaction, with
the most advanced and often used, especially at GSI, the EPAX parameterization by K.
Siimmerer and B. Blank [46]. Such systematics are very fast and easy to calculate; they are
useful and provide quite reliable results to estimate the fragmentation of the projectile in a
heavy-ion reaction, especially if experimental data for that reaction, or for a not too different
one, were used in deriving the phenomenological systematics. But phenomenological systematics
may not provide reliable results for unmeasured reactions that differ significantly from those
used in fitting its parameters. In addition, one should be very careful when using systematics
like EPAX in applications; the point is that most applications need all products from a reaction,
in the laboratory system, while EPAX provides results from only fragmentation of the projectile.
So for the reaction *%Xe + 2%8Pb discussed here, we can not use EPAX to calculate the inverse
reaction 2%8Pb + 136Xe adding the results with the ones obtained for the direct Xe+Pb reaction
with a hope to obtain all products from this reaction in the laboratory system exactly as
happens in reality and calculated by an event generator. The point is that we have products
from a heavy-ion reaction not only from the fragmentation of the projectile but also from the
target. Depending on the incident energy of the projectile and on the impact parameter of the
colliding nuclei, we may have a significant contribution from intermediate systems produced via
the “fusion” of a part of the projectile with a part of the target. Such processes are missed by
EPAX, while event generators like our LAQGSM account for them. This is why we need reliable
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event generators rather than phenomenological systematics in applications. We plan to address
this subject in more details in a later paper.
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Summary

CEMO03.51, CEM03.G1, LAQGSMO03.51, and LAQGSMO03.G1 versions of our CEM03.01 and
LAQGSMO03.01 event generators have been developed, completed, verified, validated and
benchmarked against a variety of measured reactions and results by other models, and stored as
“frozen” on several X-3 and T-16 computers. These “G” and “S” versions of our codes are to be
used as stand-alone codes or as event generators in working versions of transport codes such as
MCNP6, MARS, and MCNPX, when we are interested in the production of light and medium
fragments from nonfissioning targets. We may consider also making them available to the public
via the Radiation Safety Information Computational Center (RSICC) at Oak Ridge in the future.

We thank Prof. Robert Charity and Dr. Alexander Botvina for generously providing us their
GEMINI and SMM codes implemented into the current “G” and “S” versions of our event
generators.
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